Abstract The speciation of pentavalent and hexavalent americium (Am) complexes in nitric acid have been studied by X-ray absorption fine structure spectroscopy, UVvisible spectroscopy, and density functional theory. Calculated bond distances for the Am(VI) complex are in reasonable agreement with EXAFS data and suggest the presence of a mixture of AmO 2 ? and AmO 2 2? as well as a slightly higher kinetic stability for Am(VI) compared to Am(V).
Introduction
The partioning and transmutation of minor actinides (MAs), i.e., Np, Am, Cm, have the potential to address issues associated with the accumulation of radioactive waste in irradiated nuclear fuels by converting the long lived MAs into more stable elements in fast neutron reactors [1, 2] . To reduce the potential long-term hazard of radioactive wastes, transmutation of MAs is considered to be an important option for the future of nuclear fuel cycle. Americium is of primary interest since it is a major contributor to radiotoxicity of MAs in used nuclear fuel [3] . For this reason, it is important to gain new understanding of Am redox chemistry and how high valent Am oxidation state information could be used in the design of new separation processes to reduce MAs in the nuclear fuel cycle.
In previous work [4] , the local and electronic structures around the Am(III) atom in oxide fuels has yielded information on the valence ground state of Am and how it strongly affects oxygen potentials and thermal properties of mixed oxide fuel containing MAs. X-ray absorption fine structure spectroscopy is an efficient method for examining the local and electronic structures surrounding an actinide atom in oxide fuels and has the potential to be used in the examination of higher oxidation states in solution [5] . Since solution chemistry is an important aspect of the nuclear fuel cycle system, the ability to examine higher oxidation states of Am in solution would yield invaluable information. The ability to define local and electronic structures as well as the interactions of nearest neighbor atoms for Am(V) and Am(VI) in acidic solution would help determine the feasibility of these higher oxidation states for use in new separation processes.
The redox behavior of Am in the presence of strong oxidizers (i.e., NaBiO 3 ) has been established in previous work [6] [7] [8] [9] . However, the speciation of Am(V) and Am(VI) in the presence of NaBiO 3 and nitric acid (HNO 3 ) solution has not been studied using XAFS. The characterization of high valent Am oxidation states would increase the knowledge base in an important area of actinide chemistry.
In this study, high valent Am produced from the oxidation of Am(III) with NaBiO 3 in HNO 3 were analyzed by XAFS spectroscopy and DFT. The local structures around AmO 2 ? and AmO 2 2? in HNO3 solution were characterized by transmission XAFS measurement. All-electron scalar relativistic calculations were carried out using DFT to predict the equilibrium geometries and properties of the AmO 2 ?/2? aquo complexes and their relative kinetic stability and chemical hardness.
Experimental Reagents
All chemicals were purchased from Sigma-Aldrich and used as received. However, the NaBiO 3 from SigmaAldrich was found to contain peroxide contaminants and was ultimately replaced with ''peroxide free'' NaBiO 3 (ACS grade, 93 %) from Chemsavers. Nitric acid solutions were prepared by volumetric dilution of concentrated HNO 3 , trace metal grade, with an assay of 70 %. All working solutions were prepared with HPLC grade nanopure deionized water in volumetric flasks. Stoichiometric amounts of AmO 2 ( 243 Am) powder were dissolved in two concentrations of HNO 3 for the XAFS measurements. The purity of the AmO 2 powder was approximately 99.7 % for nonradioactive impurities. The concentration of 243 Am stock solution was 0.015 M in 0.5-1 M HNO 3 with a sample size of 0.5 mL.
XAFS measurements
XAFS measurements at the Am L 3 -edge were performed in transmission mode at the Stanford Synchrotron Radiation Lightsource (SSRL). The operating energy for SSRL is 3.0 GeV and the radiation was monochromatized by a double-crystal Si(111) monochromator. The intensities of incident and transmitted beams were monitored by ionization chamber in Ar/N 2 gas and Ar gas flow, respectively. The XAFS spectra were recorded at room temperature. Extended x-ray absorption fine structure (EXAFS) spectra was analyzed using WinXAS software 3.1 [10] . The interatomic distances and coordination number of the AmO 2 ? and AmO 2 2? samples were determined from the isolated contributions of the shells of interest. FEFF 7 was used to calculate amplitudes and phases for scattering paths that were subsequently used to fit the experimental spectra [11] . The species was constructed using the crystallographic structure of UO 2 (NO 3 ) 2 Á6H 2 O and replacing the uranium (U) atoms with Am atoms [12] . For the fitting procedure, the Debye-Waller factor (r 2 ) was fixed at r 2 Am¼o = 0.002 Å and r 2 AmÀo H 2 ð Þ = 0.005 Å , as pre-determined for Pu(VI) hydroxides [13] .
X-ray absorption fine structure spectroscopy measurements were performed on four Am samples: (a) one Am(III) sample in 1 M HNO 3, (b) two Am(V) samples in 0.5 M HNO 3 , and (c) one Am(VI) sample in 1 M HNO 3 . The two Am(V) samples were prepared by reaction of Am(III) with NaBiO 3 (60 mg/mL) in 0.5 M HNO 3 , after which the solutions were filtered to remove excess NaBiO 3 which then rapidly reduced form Am(VI) to Am(V), and the filtered Am(V) solution was placed in XAFS sample cells. Lower acidities (0.1-0.5 M HNO 3 ) were experimentally found to be optimal for sustaining Am(V) over long periods of time while higher acid concentrations (1-4 M HNO 3 ) and continual NaBiO 3 contact supported Am(VI) stability. The Am(VI) sample was prepared by reaction of Am(III) with NaBiO 3 (60 mg/mL) in 1 M HNO 3 . The Am(VI) sample solution contained a small amount of solid NaBiO 3 that was transferred into the cell along with the liquid to retain spectroscopically pure Am(VI) [14] . During the XAFS measurements, the Am(VI) sample was always in contact with a small amount of excess NaBiO 3 solid (*20 mg of excess solid) in an attempt to mitigate the effects of radiolysis on the oxidized sample. Radiation damage from beam contact has been seen in previous work with actinide compounds in which radiolysis may have contributed to the small charge state shifts between Np oxidation states as well as oxidation state reduction [15] . It is anticipated that Am(VI), oxidized with NaBiO 3 , may also suffer from this type of radiolysis damage. The addition of excess solid NaBiO 3 was used to minimize the radiolysis problem; however, a certain amount of damage cannot be avoided. Individual Am oxidation states in solution were determined by UV-Vis spectroscopy. Analysis revealed the Am(V) samples were stable for [20 days, Fig. 1 , and the Am(VI) sample was stable for 8 days, Fig. 2 . Both Am(V) and Am(VI) samples showed \1 % Am(III) in-growth durnig the respective tests.
Ultraviolet visible spectroscopy data used to establish preparation and sample parameters for the XAFS experiments revealed information that differed from previous literature [6] [7] [8] 16] . The results showed that Am(VI) was more stable than originally reported so long as there was solid NaBiO 3 present during the data collection. The Am(VI) in 1 M HNO 3 was persistent over 8 days with no in-growth of Am(V) or Am(III) as long as there was excess of NaBiO 3 . As soon as the excess solid NaBiO 3 was removed, the Am(VI) completely reduced to Am(V) over a 10 h period and \1 % of Am(III) was present. The Am(V) sample, in 0.5 M HNO 3 , showed no significant reduction to Am(III) during both long and short periods of contact prior to separation from the solid NaBiO 3 .
The UV-Vis results indicated that the Am(V) and Am(VI) complexes in the sample solutions would remain stable during shipment to the SSRL facility as well as during the necessary time needed for analysis by XAFS. Samples were also verified using gamma ray spectroscopy for 243 Am activity levels prior to shipment to SSRL. complexes using spin-polarized DFT as implemented in the DMol 3 software [17, 18] . The exchange correlation energy was calculated using generalized gradient approximations (GGA) [19] with the parameterization of Perdew and Wang (PW91) [20] . The local density approximation (LDA) was also tested with the parameterization of Perdew and Wang (PWC) [20] . GGA functionals such as PW91 or PBE are generally preferred over hybrid functionals which do not appear to describe bonds as accurately in actinide-bearing molecular systems [21] . Double numerical basis sets, including polarization functions (DNP), on all atoms were used in calculations. The DNP basis set corresponds approximately to a double-f quality basis set with a p-type polarization function added to hydrogen and d-type polarization functions added to heavier atoms. The DNP basis set is comparable to a 6-31G** Gaussian basis set [22] with better accuracy for a similar basis set size [23] . In the generation of the numerical basis sets, a global orbital cutoff of 5.9 Å was used. The energy tolerance in the selfconsistent field calculations was set to 10 -6 Hartree. The molecular geometries of well-known uranyl complexes were chosen as initial guesses for the structural relaxation calculations. Optimized geometries were obtained without symmetry constraints using the direct inversion in subspace method (DIIS) with an energy convergence tolerance of 10 -5 Hartree and a gradient convergence of 2 9 10 -3 Hartree/Å . The charge density was expressed by a nucleus-centered multipole expansion truncated at the octupole level and spin-orbit coupling was neglected in the calculations. This type of computational approach has been shown to yield accurate structural results for uranium compounds [24] and uranium-bearing complexes in previous work [25, 26] .
Computational methods

Results and discussion EXAFS spectroscopy
Prior to the EXAFS experiment, the Am(V) and An(VI) sample were anlysed by UV-Vis spectroscopy. UV-Vis measurements indicate that the Am(VI) sample consists of: was performed (Fig. 3) in the k range 1.75-10.5 Å -1 . The FT shows one main peak centered at R ? D *1.23 Å and a second peak at R ? D *1.85 Å . The position is similar to the one reported for An(VI) dioxo species [13, 27] , but its intensity is weaker. This peak is attributed to Am = O scattering in the [O=Am=O] 2? unit. The position of the second peak is similar to those in actinide aquo-complexes containing water molecules and is attributed to Am-O(H 2 ) scattering [28] .
The EXAFS spectrum was fit using scatterings calculated from AmO 2 (NO 3 ) 2 Á6H 2 O. The DE 0 was constrained to be the same value for each wave. Because Am(VI) is expected to exhibit the AmO 2? unit, the value of C.N for Am=O contribution was fixed to 1.3 which corresponds to the presence of 69.3 % of Am(VI) in solution (vide supra). The value of r 2 AmÀo was fixed to 0.002 Å 2 for the Am-O eq scattering; the values of r 2 were taken from literature Am(III)-nitrato complexes [27] ; all the other parameters were allowed to vary. The amplitude reduction factor (S 0 2 ) was fixed at 0.9. The results of the adjustment, shown in Table 2 . This result is consistent with the decrease of ionic radius along the actinide series.
The Am(V) sample was analyzed with the same procedure used for the Am(VI) sample. The value of Am=O contribution was fixed to 1 which corresponds to 48 % of Am(V)in solution. The results of the adjustment, shown in Table 3 , indicate the environment of the absorbing atom to be constituted by O atoms at 1.77(2) Å and 3.5(7) O atoms at 2.48(2) Å .
The Am(V)=O and Am(V)-O distances are larger than the Am(VI)=O and Am(VI)-O distances and are consistent with a decrease in charge on the Am atom. Comparisons with other pentavalent actinide complexes (Table 4) , indicates the An(V)=O distance increase is in a sequence of Am [ Pu [ Np which is consistent with the ''actinide contraction''.
The EXAFS study for the Am(V) samples was performed using the same procedure as the Am(VI) sample and the EXAFS spectra, as well as the FT, are presented in Fig. 4 . The FT shows one main peak centered at R ? D *1.89 Å . The position is similar to those reported for An(III) species [31, 32] . This peak is consistent with the reduction of Am(V) to Am(III) which is potentially due to radiolysis from beam contact. Since there was no solid NaBiO 3 present to reoxidize the Am, the spectra reflects a high percentage of Am(III).
XANES analysis
The XANES spectra of an Am(III) solution was recorded and used as a reference sample. A shift of 2 eV is observed between the absorption edge of Am(VI) and Am(III) 5) . From literature, the average energy shift between oxidation states is 1.5 eV which would put Am(V) at approximately 18,521 eV and Am(VI) at approximately 18,522.5 eV [14] . The XANES data shows an energy shift closer to that of Am(IV), at 18,519.5 eV, and an Am(V) mixture, however, the tetravalent Am oxidation state is unstable in acidic media, preferring strongly basic carbonate solutions, and would likely have reduced to Am(III) almost immediately [33] . The effective charge on the Am core may have subtle changes, due to beam contact, since the Am(V) and Am(VI) cores are americyl (O=Am=O) and the effect of radiolysis is unknown with respect to the number of electron withdrawing oxygen's. This type of charge state shift change has been observed in the L3 XANES of actinide materials in previous work and care must be taken when interpreting the relative energy positions of the Am(V), and Am(VI) [15] . The energy shift of 2 eV between Am(V) and Am(VI) is lower than expected and radiolysis effects may have contributed to the observation of a smaller than expected energy shift between Am oxidation states. Since this type of charge state shift reduction has been seen before with Np(V) and Np(VI) during XANES analysis, it is plausible that a similar mixed system for Am(V) and Am(VI) will show the same reduction pattern.
All Am samples were analyzed by UV-Vis spectroscopy upon their return from SSRL and the results, from an unpublished report (C. Chevrot, UNLV), showed the two Am(V) samples had reduced to Am(III). However, the Am(VI) sample that resulted in a mixture of Am(V,VI) during XAFS analysis had completely reoxidized to Am(VI) during shipment. The UV-Vis analysis of the returned sample showed [70 % Am(VI) while still in contact with NaBiO 3 , which is almost identical to the 69.3 % Am(VI) observed in the Am(VI) solution prior to shipment and XAFS analysis. The UV-Vis results reinforce the conclusion that radiolysis degradition played a role in the redox behavior of the Am samples and that different measures need to be implemented, other than keeping an excess of solid NaBiO 3 in the solution, in order to mitigate this problem.
Density functional theory
DFT was used to evaluate structural data produced from EXAFS results in an effort to model the Am(V) and 5 2? species will be present in the mixture and this compares with the spectroscopic data (vide supra). A standard indicator of kinetic stability and chemical hardness for molecular systems is given by the energy separation between the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO), with a large energy gap implying high stability [38, 39] Fig. 7 .
As shown in Fig. 7 , a great degree of similarity exists between the frontier orbitals of the various complexes. With the exception of the HOMO and LUMO of AmO 2 2? featuring Am 5f xyz orbitals, all the HOMOs of the other complexes are based on the Am 5f x ðx 2 À 3y 2 Þ and the LUMOs are made of Am 5f xz 2 . Some contribution of the O eq 2p orbitals is also seen, however, there is no noticeable orbital hybridization in the frontier orbitals. Let us note that there is a significant change to both HOMO 
Conclusions
Americium(V) and Am(VI) were prepared by oxidation of Am(III) using NaBiO 3 in HNO 3 . The samples were characterized by EXAFS and UV-Vis spectroscopies. The local and electronic structures around the Am atoms in AmO 2
?
and AmO 2 ?2 were also investigated by DFT calculations. Spectroscopic techniques confirmed that high valent Am complexes can be prepared in HNO 3 concentrations between 0.5 and 1 M and that Am(VI) can be stabilized using NaBiO 3 . X-ray Absorption Fine Structure spectroscopy results showed a mixture of Am(V) and Am(VI) in 1 M HNO 3 . The Am=O distances found in Am(V) and Am(VI) were 1.77(2) and 1.69 (2) Å while the Am-O(H 2 ) distances were 2.48 (2) and 2.44 (2) Å , respectively. A comparison with other pentavalent and hexavalent actinides indicates that the An=O distance increases in a sequence of Am [ Pu [ Np.
All-electron scalar relativistic calculations were also carried out using density functional theory to predict the . Am (filled purple/ black circle), O (filled red/dark gray circle), H (filled light grey circle). The yellow and blue lobes correspond to positive and negative values of the wave functions equilibrium geometries and properties of the AmO 2 ?/2? aquo complexes. Calculated bond distances for the Am(VI) complex are in reasonable agreement with EXAFS and the computed energy gaps between frontier molecular orbitals suggest a slightly higher kinetic stability and chemical hardness for Am(VI) compared to Am(V).
In summary, if NaBiO 3 were to be used in an oxidation separation system for minor actinide separation it is essential to understand how a mixture of Am(V) and Am(VI) behave in solution. Considering the redox behavior of Am with NaBiO 3 , it is reasonable to assume that a mixture of oxidation states will be present as opposed to well defined individual oxidation states in acidic solution.
